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Precision Density Measurement of Silicon ^ ^ 
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(June 10, 1964) 

The densities of 22 large highly perfect silicon single crystals have been measured by 
hydrostatic weighing in water, yielding an average value of 

(/si(25 °C) =2.329002 ± (7X 10-«) g/cm^. 

An experimental precision has been achieved which exceeds the accuracy with which the 
absolute density of water is known. The effect of variations of the water surface tension 
force on the suspension wire has been mimized by using a 0.001 in. suspension wire coated 
with platinum black, and by doing a large number of repeated weighings of each crystal. 



1. Introduction 

Measureinent of (leiisity is one of tiie most basic 
of physical ineasurenieiits, and is often intrinsic in 
the determination of other physical constants. For 
instance, the density togetlier with the lattice spacing 
and molecular weight of a crystal can be used to 
determine Avogadro's number [1].'* Similarly, it is 
possible to determine relative atomic or molecular 
weights from the densities and lattice constants of 
different crystals [2]. Density has also been used 
as an indication of the lattice perfection of crystals 
[3]. In a different type of experiment, tlie density 
of a crystal has l)een used as a factor in determining 
e/m of the electron from the index of refraction of 
X rays [4]. 

One of the most direct methods of determining 
the density of solid bodies is by hydrostatic weighing 
in a liquid of known density, and conversely, the 
density of a liquid can be measured by hydrostatic 
weighing of a solid body of known mass and volume. 
Aside from the usual pi'oblenis associated with 
precision weighing, tlie main difficulty encountered 
is due to the variation of the surface tension efi'ects 
of the liquid on the suspension wire passing through 
the surface. These effects must be minimized by 
using minimum diameter suspension wire and by 
keeping a constant contact angle of the liquid 
against the wire. 

This paper describes the procedure which has 
been used to measure the density of silicon crystals 
up to 18 g in size. Primary attention is paid to the 
apparatus and methods used for the hydrostatic 
weighing in water. In another paper [5] the result 
of this density determination has been used in 
conjunction with x-ray lattice spacing measurements 
of the same crystals to determine the absolute scale 
of x-ray wavelengths. 
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[2. Experimental Procedure 

Accurate density measurement consists of a precise 
determination of the mass and the Aolume of an 
object. The mass can be determined by direct 
weighing, but the volume must usually be determined 
indirectly by determining the mass of water that the 
object displaces. Kohlrausch [6] was the first to use 
this method for accurate density deternnnation, 
and it usually bears his name. The density, do, of the 
object of mass Mo, then is given by 

(Io=Modu,o/(Mo-Mo^) 

where Mow is its apparent mass in water, and ^/h20 the 
density of water at the time of weighing. Thus the 
accuracy of tlie density determination depends to a 
large extent on the accuracy of the weighings. This 
accuracy depends on the precision and sensitivity of 
the balance, the accuracy of the weights, and the care 
with which the weighings are nnide. A good dis- 
cussion of the weighing process and the construction 
of precision balances has been presented by 
Corwin [7]. 

As already stated, the main difFiculty with the 
weighings in water is due to the surface tension 
effects on the suspension at the li([uid surface. The 
surface tension of water at 25 °( ■ against air is 71.97 
dyn/cm. Thus if a 0.001 in. wire is wetted perfectly, 
the downward force on it due to surface tension is 
0.574 dyn, which is equivalent to 586 /xg of weight. 
Since this force on the wire varies as the cosine of the 
liquid contact angle, it is desirable to maintain a 
nearly zero contact angle, thus minimizing the force 
xariations due to small changes in the angle. In 
general, the contact angle varies with the cleanliness 
of the metal surface and with the direction of motion 
of the water surface. Usually, for a receding water 
surface, the contact angle is very nearly equal to 
zero [8]. Therefore the usual procedure in hydro- 
static weighing has been to clean the suspension wire 
very carefully and to use exactly the same portion of 
the wire in each weighing [9]. It has also been 



529 



siit>:o'ested tliat the contact angle should be observed 
duriug the measurements to insure its constancy [10]. 
The associated problems of this method are that a 
zero contact angle is very difficult to attain, it 
depends on the direction of travel of the contact line 
relative to the metal surface, and minute traces of 
foreign matter on the metal surface will alter the 
contact angle considerably. On the other hand, the 
contact angle against a rough metal surface may be 
zero due to capillary attraction of the liquid to the 
surface. This fact was utilized in this experiment 
and has also been applied by various other observers 
who have coated their suspensions with either a 
rough gold [11] or platinum black [12] coating. 

The following paragraphs describe the equipment 
and procedures used in this experiment. 



2.1. The Balance 

A Met tier M-5 microbalance was chosen for this 
experiment primarily because of its automatic 
weight changing feature and because it can be ob- 
tained with an under the pan weighing attachment. 
The capacity of this balance is 20 g. The balance 
was enclosed in an additional sheet aluminum case 
to exclude air currents, and the experiment was 
performed in a room where the temperature was 
controlled to within ±0.2 °C of 25 °C. 

Because the weights are housed inside the balance, 
and not easily removable, they were calibrated by 
weighing a set of National Bureau of Standards 
certif].ed class M weights [13]. The procedure for 
calculating the weight corrections from these weigh- 
ings has been developed by Lashof and Macurdy 
[14]. These calculations also yield (exclusive of the 
standard weight errors) the probable error of weigh- 
ing with the balance. On this particular balance 
the probable error of a weighing was approximately 
1 Mg. 



2.2. Air Bouyancy Corrections 

Because of different densities of the object being 
weighed and of the weights, the buoyant force on 
the two may be different. The true mass, Mo, 
of the object then is given to a good approximation 

by 

Mo=Mu^+M^, (l/do-l/cL)p, ' 

where Mw is the true mass of the weights, p is the 
density of air, and do and dw the densities of the 
object and the weights respectively [16]. The 
density of air with the normal CO2 content of 
0.04 percent by volume is given by [17] 

P=1.2930 (273.15/T) [(5-0.3783e)/760]X10-' g/ml, 



5 Using this approximate equation for calculating the mass of an object, the 
error is only 0.18 parts per million in weighing silicon with stainless steel weights. 



where 

6'=vapor pressure of the water in air (mm Hg), 
T==absolute temperature (°K) [273.15 °K = ^C] 
B=barometric pressure (mm Hg). 

Under normal atmospheric conditions each of the 
following variations will produce approximately 
one jLig/cm^ change in the density of air: 0.6-mm 
change in barometric pressure, 0.2 °C change in 
temperature, and 7-percent change in relative 
humidity at 25 °C. Obviously, the error that the 
uncertainties in the above quantities introduce in 
the weight determination, is proportional to the 
difference in volume of the object and the weights. 
During this experiment, the air temperature was 
measured to ±0.1 °C with a thermometer inserted 
inside the aluminum shroud of the balance. Later a 
thermistor thermometer [18] was constructed which 
could be inserted inside the balance case. The 
relative humidity was measured inside the balance 
case with an electrical resistance type hygrom.eter. 
The probable error in this measurement was esti- 
mated to be approximately 3 percent. The atmos- 
pheric pressure was measured to ±0.2 mm Hg 
probable error with an aneroid barometer which was 
calibrated against a mercury barometer. 

2.3. Density of Water 

Historically, water was chosen as the density 
standard because of its universal availability and 
because it was believed to have constant density. 
The International Prototype Kilogram was con- 
structed to have as nearly as possible the mass of 
1000 cm^ of water at its maximum density. Then 
the liter was defined as the volume of 1 kg of pure, 
air-free water at standard atmospheric pressure and 
at the temperature of its maximum density, ap- 
proximately 4 °C. It was left to experiment to 
determine the exact relationship between the liter 
and 1000 cm^ ^ 

The determination of the absolute density of 
water at any given temperature was carried out in 
two steps. First, the density relative to the maxi- 
mum density was determined by Chappuis [19] and 
by Thiessen et al., [20] from measurements of thermal 
expansion. Tilton and Taylor [21] have recalculated 
the relative densities based on Chappuis' data. 
According to this recalculation, the density of water 
at 25° relative to that at 4° is 0.9970751 g/ml, and 
the change in density with temperature in the range 
from 25.0 °C to 25.1 °C is -256X10"^ g/ml per °C. 
The absolute density of water was determined in 
three very painstaking experiments by hydrostatic 
weighing of objects with known masses and volumes 
[22, 23^ 24]. From these experiments it was deter- 
mined [25] that 1 liters 1000.028 cm^ Unfortu- 
nately at the tim.e of the above experiments nothing 
was known about isotopes, and consequently, no 
precautions were taken to avoid isotopic fractiona- 
tion during the distillation of the water. Chappuis 
makes the statement that his usual procedure was 
to redistill good quality commercially available 
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distilled water [26]. In view of this, DuMond, 
Cohen, et al., have assigned to this value a probable 
error of 3 ppni [27]. Even this error may be opti- 
mistic, and actually may be worse. Based on the 
above values, the absolute density of water at 
25 °C is 0.997047 ± (3X10-^) g/cm'. 

Natural waters from different parts of the world 
have been found to vary in density by only a few 
parts in ten million [28]. The effect of dissolved air 
on the density of water at 25 °C is also only a few 
parts in ten million [29]. However, because of 
bubble formation on surfaces, the air must be 
removed from the water before hydrostatic weighings 
can be made. The average compressibility of water 
at the pressure of 1 to 10 atm, at 25 °C is 47.6X10"'^ 
per atm [30]. 

For the present experiment ordinary tap water 
was triply distilled according to a procedure sug- 
gested by Bauer and Levin [31], and boiled before 
use to expel the absorbed air. The probable error 
in the density due to fractionation and the renniining 
impurities is estimated to be less than 1 ppm. The 
purity of the water was checked by conductivity 
measurements [32], which gave values as low as 
1.1X10"'^ (12 cm)-i and never exceeded 1.7X10-'^ 
{Q cm)-i. 

2.4. Weighing Chamber 

The weighing chamber for tliis experiment con- 
sisted of a triple walled glass container as shown in 
figure 1. 'J'lie thermostating water from a constant 
temperature bath flowed at a rate of approximately 
3 gal per minute around the inner chamber and 
returned via the outer jacket. The bath tempera- 
ture was measured with two calibrated calorimeter 
type (0.01 °C divisions) thermometers. The ther- 
mometers were calibrated for total innnersion, but 
in these measurements they were only partially 
immersed. Tlierefore it was important to correct 
for the hydrostatic pressure difference on the 
thermometer bulbs. This pressure eft'ect was 
measured to be 0.10 °C/atm. No stem temperature 
corrections were necessary, because the room was 
maintained at the same temperature as the bath. 
The total probable error in the temperature determi- 
nation in the weighing chamber is estimated to be 
0.004 °C, which corresponds to approximately 1 
ppm error in the water density. 

Because the crystals had flat faces, it was possible 
to support them on a simple stirrup made of 3 mm 
glass rod. The crystals could be lifted from this 
stirrup for the ^^empty^' weighings by means of the 
lifter which was raised by thin nylon lines leading to 
the outside. Thus it was possible to check the 
repeatability of the weighings by doing a series of 
weighings without removing the crystal from the 
weighing chamber. In addition to this, the balance 
could be deflected magnetically, thus producing 
motion of the suspension wire through the water 
surface, thus making possible repeated weighings 
without arresting the balance. Repeatability indi- 
cated that the surface tension forces on the suspen- 
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Figure 1. Details of the weighing chamber . 

Legend: (1) crystal to be weighed, (2) crystal supporting Jstlrrup, (3) suspen- 
sion wire, (4) lifter for raising crystal from stirrup, (5) nickel wire spot welded to 
support wire, (H) coil for magnetically deflecting the balance, (7) strings for raising 
crystal lil'tcr, (S) s!i|)])ort wire attached to balance pan hook, and (9) inlet for 
thermostat it 1 1; water. 



sion were remaining constant. The most frequent 
problem encountered was due to small dust particles 
floating on the water surface attaching themselves to 
the suspension, and thus changing the effective 
diameter of the suspension. To eliminate errors 
from tliis, tlie weighings on each crystal were taken 
in several groups, the water level being lowered after 
each group of weighings. Weighings were continued 
until there was good agreement among the weighings 
in each group and among the averages of tliese 
groups. 

2.5. Preparation of the Suspension 

As already stated, the suspension wire passing 
through the water surface should be of minimum 
diameter to minimize the total surface tension force 
on it, its surface should be wetted by the water, and 
it should be easily replaceable. In this experiment, 
0.001 in. diam 92 percent platinum, 8 percent tung- 
sten alloy wire was used [35]. This wu*e is quite 
ductile and has a tensile strength of approximately 
300,000 psi. Tlius a 1-mil diameter wire of this alloy 
will support approximately 100 g of weight. The 
hooks for the suspension wire were made by flatten- 
ing the end of a short (8 mm) piece of 1-mm diameter 
stainless steel wire and then filing a hook out of it. 
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A longitudinal slot was cut in the body of the hook, 
the fine wire placed in the slot and then the slot 
crimped closed. First a hook was crimped onto one 
end of a 3-cm long piece of the 1-mil wire. The wire 
was then cleaned in a sulfuric acid and sodium 
dichromate solution [38] and washed in distilled 
water. Next, the platinum black coating was ap- 
plied from a plating solution of 3-percent platinum 
chloride dissolved in 0.025-percent lead acetate solu- 
tion [37]. A No. 18 platinum wire was used as the 
positive electrode and a 6-V dry cell with a 1000 12 
resistor in series supplied the current. The suspen- 
sion wire was immersed up to the hook, and approxi- 
mately 5 mA of current allowed to flow for 40 sec, 
with the wire being agitated to retard bubble for- 
mation. The coating should be even and uniformly 
rough and approximately 0. 1-mil thick. This was 
^^erif^ed by examination under a microscope of 200 X 
magnification. If the coating was satisfactory, the 
suspension was again cleaned in the acid solution, 
washed in distilled water, and a hook crimped on 
the other end. This last cleaning was necessary 
because a freshly coated wire without cleaning did 
not exhibit a constant contact angle with the water 
surface. 

3. Experimental Results 

3.1. Silicon Crystals 

A group of 22 large silicon single crystals ranging 
in weight from 5 to 18 g were available for this 
experiment [38]. These crystals were grown from 
high purity intrinsic silicon and had low dislocation 
densities, as specified by the suppliers. The main 
impurity was oxygen which varied in concentration 
from as low as' 1.3X10^^ to as high as 8.8X10^^ 
atoms/cm^. This was determined by measuring the 
infrared absorption at 9 /x [39]. Before weighing, the 
crystals were ground to remove any foreign matter 
and jagged corners. Etching in 1 : 3 : 3 solution (by 
volume) of HF, HNO3, and glacial acetic acid for 
about 1 min. removed any loose silicon particles 
from the surfaces. After being washed the crystals 
were kept under distilled water. Vacuum was ap- 
plied to remove air bubbles from any small crevices. 

3.2. Density of Silicon 

The results of all the density determinations are 
shown in the form of a histogram in figure 2. The 
average density at 25 °C was calculated to be 

4i(25 °C) =2.329002 dz(7X10-6)g/cml 

The probable error of this a alue consists of approxi- 
mately 0.5-ppm random error of the average, com- 
puted from p = Om[i:\^Mi-davyi{k-l)k]^ and 3-ppm 
systematic error in the water density. The individ- 
ual density determinations had a random probable 
error of approximately 3 /xg/cm^, as computed by 
combining the errors in the various quantities used 
in the density calculations. This high precision of 
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Figure 2. The density of silicon single crystals at 25 °C. 

Each square represents one independent density determination, and the 
numbers in the squares identify the crystals. 



the experiment is also indicated in figure 2 by tlie 
close grouping of the density values obtained in 
separate measurements on the same crystals, such 
as, on crystals 3, 7, 8, 9, and 11. Also crystals 19, 
20, 21, and 22 were obtained from the same source 
at the same time, and the close grouping of their 
densities indicates that they were probably cut from 
the same ingot. 

Thus the A^ariations in the densities of the different 
crystals are quite real, but so far, no correlation of 
these variations with any of the known properties 
of these crystals has been found. It has already 
been demonstrated by Smakula and Kalnajs [40] 
that the oxygen impurity does not affect the density 
of silicon. This is also indicated by the present 
results, although in this case, no realh^ oxygen-free 
crystals were available for comparison. 

The above density value can be compared to 
4i(25 °C) =2.32902 ±(3X10-^) gVcm^ obtained by 
Smakula and Sils [9]. It also is in agreement with 
the lower precision value of rfsi(25 °C) = 2.3289 
±0.0001 g/cm^ obtained by Straumanis et al. [3]. It 
disagrees however, with an earlier measurement of 
4i(25 °C) = 2.3282 ±0.003 g/cm^ by Straumanis and 
Aka [41]. 

4. Conclusions 

In this experiment the density of silicon single 
crystals was measured by hydrostatic weighing witli 
a precision of approximately one part per million. 
This high precision is due to the following factors: 
(a) the precision of the balance and an accurate 
calibration of the weights; (b) accurate water temp- 
erature control and measurement; (c) the platinum- 
black coated small diameter suspension wire, and 
(d) the ease with which repeated weighings could be 
made, thus making it possible to detect any erratic 
behavior of the surface tension effects on the sus- 
pension. At the present this precision exceeds the 
accuracy with which the absolute density of water 
is known, therefore it may be worthwhile to re- 
determine the absolute density of water with known 
isotopic composition. 
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The densities of the invididual crystals showed 
variations which were larger than the experimental 
precision. However, the average of all these values 
should be a good indication of the true density of 
silicon. This average value agrees quite well with 
the precision measurement by Smakula and Sils [9]. 



This work was done under the direct ion of Vvo- 
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